Whereas Jagged1-Notch2 signaling is known to pattern the sensorineural components of the inner ear, its role in middle ear development has been less clear. We previously reported a role for Jagged-Notch signaling in shaping skeletal elements derived from the first two pharyngeal arches of zebrafish. Here we show a conserved requirement for Jagged1-Notch2 signaling in patterning the stapes and incus middle ear bones derived from the equivalent pharyngeal arches of mammals. Mice lacking Jagged1 or Notch2 in neural crest-derived cells (NCCs) of the pharyngeal arches display a malformed stapes. Heterozygous Jagged1 knockout mice, a model for Alagille Syndrome (AGS), also display stapes and incus defects. We find that Jagged1-Notch2 signaling functions early to pattern the stapes cartilage template, with stapes malformations correlating with hearing loss across all frequencies. We observe similar stapes defects and hearing loss in one patient with heterozygous JAGGED1 loss, and a diversity of conductive and sensorineural hearing loss in nearly half of AGS patients, many of which carry JAGGED1 mutations. Our findings reveal deep conservation of Jagged1-Notch2 signaling in patterning the pharyngeal arches from fish to mouse to man, despite the very different functions of their skeletal derivatives in jaw support and sound transduction.
Jagged-Notch signaling in the patterning of the prosensory domain, which gives rise to the hair and support cells of the cochlea [10] [11] [12] . These findings would appear to suggest that hearing loss in AGS is primarily due to sensorineural defects. However, there are also a few isolated reports of conductive hearing loss in AGS, which indicates potential structural defects of the middle ear. In one large AGS kindred, mild conductive hearing loss was noted 13 . Another kindred, with missense mutations in JAG1 yet only the cardiac defects typically associated with AGS, displayed mixed hearing loss (i.e. combined conductive and sensorineural components) 14 . In a separate post-mortem analysis of the temporal bone, two AGS individuals were described as having a "bulky" stapes, with one also displaying a "bulky" incus, yet the precise morphological changes of these middle ear bones were unclear 15 . These studies raise the possibility that defects in not only the neural components of the inner ear but also the structural components of the middle ear might contribute to hearing loss in AGS patients.
Figure 1.
Craniofacial and middle ear defects in mice deficient for Jag1 or Notch2. (a) Diagrams of the heads of zebrafish, mouse, and human (left to right) show homology between the fish jaw skeleton and the mammalian middle ear ossicles. The fish hyomandibula is homologous to the mammalian stapes (green); the fish palatoquadrate is homologous in part to the mammalian incus (red); and the proximal portion of the fish Meckel's cartilage is homologous to the mammalian malleus (brown). (b) Micro-CT scans of mouse skulls at three weeks of age. Compared to control Notch2 f/f mice, Wnt1-Cre; Jag1 f/f and Wnt1-Cre; Notch2 f/f mice exhibit a persistent foramen (arrowheads in dorsal view) and midfacial hyperplasia resulting in an abnormally shaped skull and malocclusion (lateral view). (c,d) Dissected middle ear ossicles of three-week-old mice stained with Alizarin Red S. Compared to Jag1 f/+ controls, Wnt1-Cre; Jag1 f/f and Wnt1-Cre; Notch2 f/f mice display a fully penetrant columellar stapes phenotype. Wnt1-Cre; Notch2 f/f mice also rarely display an ectopic process from the anterior medial edge of the incus (arrow). Compared to wild-type siblings, some Jag1 +/− mice display a columellar stapes and a small ectopic process from the posterior medial edge of the incus body (arrow and inset).
Results
Loss of Jag1 or Notch2 in NCCs results in craniofacial and middle ear defects. Homozygous deletion of Jag1 or Notch2 results in early embryonic lethality in mice 16, 17 . We had previously reported that conditional deletion of Jag1 in NCCs (using Wnt1-Cre) resulted in a persistent foramen in the frontal bone 18 , and an independent group reported midfacial hypoplasia in these Wnt1-Cre; Jag1 f/f conditional knockout (Jag1-CKO) mice, reminiscent of the facial characteristics of AGS 19, 20 . Micro-computed tomography (uCT) scans confirmed these previously reported phenotypes in Jag1-CKO mice, and revealed a similar persistent foramen and midfacial hypoplasia in Wnt1-Cre; Notch2 f/f (Notch2-CKO) mice ( Fig. 1b ). We therefore analyzed the effects of removing both copies of Jag1 or Notch2 in NCCs on middle ear bone development. At postnatal day 21 (P21), Alizarin Red staining of bone in Jag1 f/f controls shows that the stapes consists of two cruces with a prominent foramen. In 100% of Jag1-CKO (n = 8/8) and Notch2-CKO (n = 8/8) mice, the stapes was narrower than in controls and had a reduced or absent foramen ( Fig. 1c and Table 1 ). Whereas the stapes of Jag1-CKO mice were consistently reduced in size, there was some variability in the amount of ectopic mineralization in the reduced foramen ( Fig. S1 ). This single crus phenotype of the stapes has previously been referred to as "columellar" or "monopode" [21] [22] [23] [24] . In contrast, the malleus and incus bones of Jag1-CKO and Notch2-CKO mice were less affected, with just 12.5% (n = 1/8) of Notch2-CKO mice and no Jag1-CKO mice having an ectopic process extending from the anterior medial edge of the incus body.
As heterozygous loss-of-function mutations in human JAG1 result in AGS, we also examined the effects of removing just one copy of Jag1 throughout the whole mouse ( Fig. 1d and Table 1 ). In Jag1 heterozygotes, we observed a similar columellar stapes in 25% of animals (n = 5/20), and an ectopic process extending from the posterior medial edge of the incus body in 75% of animals (n = 15/20). As with Jag1-CKO mice, the malleus was unaffected in Jag1 heterozygotes. These findings indicate that development of the stapes and incus is especially sensitive to reduced dosage of Jag1-Notch2 signaling in mice. Jag1 is necessary for early patterning of the stapes cartilage but not formation of the stapedial artery. The lack of a foramen in the mutant stapes could be due to earlier mispatterning of the cartilage template, ectopic mineralization, or loss of the stapedial artery that runs through the normal foramen. We therefore examined the middle ear cartilages of newborn mice, before they are ossified, using Alizarin Red and Alcian Blue to stain for bone and cartilage ( Fig. 2a,b and Table 1 ). In wild-type, Jag1 f/f , and Wnt1-Cre; Jag1 f/+ controls, the stapes cartilage had a prominent foramen. In contrast, Jag1 +/− and Wnt1-Cre; Jag1 f/f mice had a smaller stapes cartilage with a reduced or absent foramen, consistent with the later columellar phenotype of the ossified stapes bone. We next examined the stapedial artery, which normally passes through the stapes and serves as a bridge connecting the external and internal carotid arteries. To visualize this artery in conjunction with the stapes cartilage, we bred the conditional Jag1 mutants onto a Rosa26-Tomato reporter background and injected India ink into the artery after dissecting out the intact middle and inner ear from newborn mice. As in controls, we still observed a prominent stapedial artery in Jag1-CKO mice (n = 3/3), which curved around the misshapen stapes cartilage (Fig. 2c ). These findings indicate that the stapes defects in Jag1-deficient mice are likely due to an early mispatterning of the cartilage template rather than loss of the stapedial artery or ectopic mineralization. Jag1 and Twist1 interact to pattern the incus and retrotympanic process. Because we had previously uncovered a genetic interaction between Jag1 and Twist1 in coronal suture development 18 , we next examined whether the variable penetrance of middle ear defects in Jag1 heterozygotes might be due in part to genetic interactions with Twist1. In humans, heterozygous loss of TWIST1 results in Saethre-Chotzen syndrome 25 , a variable feature of which is conductive or mixed hearing loss 26, 27 . In Twist1 +/− mice, we observed that the stapes Wild type 18 3 (16.7%) 0 (0%) 0 (0%) 23 1 (4%) and malleus bones were normal, with loss of one Twist1 allele failing to enhance the stapes defects of Jag1 +/− mice ( Table 1 ). In contrast, 38% (n = 6/16) of Twist1 +/− mice developed a prominent ectopic process from the anterior medial edge of the incus body, and in Jag1 +/− ; Twist1 +/− mice the penetrance of this phenotype increased to 69% (n = 9/13) ( Table 1 and Fig. 3a ). The retrotympanic process, a posterior extension of the squamosal bone that lies just above the incus, was also reduced in size and fragmented in Twist1 +/− but not Jag1 +/− single mutants. The penetrance of this phenotype increased from 11% (n = 2/18) to 68% (n = 13/22) in compound heterozygotes ( Table 1 and Fig. 3b ). These findings reveal a selective interaction between Jag1 and Twist1 in patterning the mandibular arch from which the incus and retrotympanic process derive, and not the hyoid arch from which the stapes derives. As both Twist1 and Jagged-Notch signaling inhibit skeletal differentiation in the head 18, 28-30 , inappropriate skeletal differentiation might underlie both the suture and middle ear bone phenotypes in animals deficient in these factors. Further analysis will be required to determine whether Twist1 and Jagged-Notch signaling function in a linear pathway or in parallel for mandibular arch patterning.
Jag1 is required in NCCs for normal hearing in mice. The stapes and incus bones are essential for normal hearing 31, 32 . To test whether the ossicular defects of Jag1-CKO mice result in hearing loss, we measured auditory brainstem response (ABR) at P18. In a click stimulus test, in which a large range of frequencies is presented simultaneously, we observed an approximately 30 decibel shift in the sound pressure level (dB SPL) in Jag1-CKO mice compared to Wnt1-Cre; Jag1 f/+ or Jag1 f/+ controls (Fig. 4a ). Hearing level thresholds were then measured at the specific frequencies of 4, 8, 12, 16, 24, and 32 kilohertz (kHz). We found a roughly 22 db SPL threshold shift in Jag1-CKO mice across all frequencies, significantly higher than Wnt1-Cre; Jag1 f/+ , Jag1 f/+ , and Jag1 f/f mice (Fig. 4b ). We also found a small but statistically significant high-frequency threshold shift in mice lacking just one copy of Jag1 in NCCs, compared to Jag1 f/+ controls; however this shift appeared to be largely attributable to one animal and was no longer apparent when mice were retested at five weeks of age ( Fig. S2 ). As we deleted Jag1 solely in NCCs, these results are consistent with hearing loss being due to structural defects of the stapes and/ or other components of the middle ear. It remains unclear whether the variability in hearing acuity of individual Jag1-CKO animals could be explained by the small differences in stapes morphology observed ( Fig. S1 ). As neural crest-derived cells also make a small contribution to the inner ear, defects in these structures might also contribute to the degree of hearing loss. However, the semicircular canals of the inner ear, which are dysmorphic in Alagille Syndrome 14 and conventional Jag1 heterozygous mice 11, 33, 34 , were unaffected in Jag1-CKO mice ( Fig. S3 ), arguing against canal defects being the cause of hearing loss.
Conductive hearing loss and anomalies in middle ear bones in patients heterozygous for JAG1
loss-of-function mutations. Given the stapes defects in heterozygous Jag1 mutant mice, we investigated whether heterozygous loss of JAG1 might also affect middle ear development and hearing in humans. Conductive and mixed hearing loss have been described in a few kindreds with mutations or deletions in JAG1 [13] [14] [15] , yet the prevalence of such hearing loss in AGS was unclear 35 . We therefore attended the Alagille Alliance meetings in 2011 and 2014 and conducted hearing tests on participants with AGS clinical diagnosis and/or known heterozygous mutations in JAG1. Of the 44 subjects tested, 16 have known mutations in JAG1 and the remaining 28 have not yet been determined (Table S1 ). The most common finding was conductive hearing loss (27% of left ears, 30% of right ears), followed by mixed hearing loss (14% of left ears, 9% of right ears) and then sensorineural hearing loss (4% of left ears, 11% of right ears) ( Fig. 5a and Table S1 ). We found conductive hearing loss to be primarily mild or moderate, compared to sensorineural and mixed hearing loss, which could be in the severe to profound range ( Fig. 5a ).
For five participants -one with conductive, two with mixed, one with sensorineural, and one with no hearing loss -and a non-AGS control, we obtained computed tomography (CT) scans of the temporal bone to visualize middle ear structures (summarized in Table 2 ). CT scans have been shown to be fairly accurate in diagnosing stapes defects 36 . All five subjects showed abnormalities in the posterior semicircular canals. Three showed defects in the superior semicircular canals, consistent with previous reports of hypoplasia or absence of semicircular canals in AGS 14, 37 . In a 49-year-old male with severe mixed hearing loss in the left ear and high-frequency hearing loss in the right ear, we observed bilateral malformations of the stapes such that it appeared columellar (i.e. lacking distinct anterior and posterior cruces) ( Fig. 5b,c) , nearly identical to what we observed in Jag1-deficient mice. This subject has a mutation in exon 19 (c.2345-2A > G) of JAG1 that alters the splicing consensus sequence and leads to heterozygous JAG1 loss-of-function. He also had normal compliance of the tympanic membrane in both ears. These findings are consistent with partial defects in the ossicular chain resulting in high-frequency hearing loss 38 . We also observed an ectopic process extending from the left incus towards the posterior wall of the tympanic cavity in a 9-year-old subject with sensorineural hearing loss in the right ear, and irregular orientation of the petrous part of the temporal bone, which was sloping upwards in a lateral to medial manner, in an 8-year-old subject with mixed hearing loss in both ears ( Table 2 ). In a 7-year-old subject with mild low-frequency conductive hearing loss in the left ear, middle ear bones were normal yet the aperture of the cochlear nerve was reduced. A 16-year-old subject with normal hearing, who had no defects in the middle ear bones, also displayed abnormal calcification of the left oval window (Fig. 5d ). This lesion is suggestive of otosclerosis, in which calcified bone fixes the stapes to the oval window and in some cases limits the ability to transmit sound. In summary, while conductive hearing loss was associated with stapes defects in one subject, our findings show a diversity of structural defects of the middle ear in AGS patients that are variably associated with hearing loss.
Discussion
Our findings indicate a conserved role for Jag1-Notch2 signaling in NCCs for the patterning of the stapes and incus bones of the mammalian middle ear. The fully penetrant stapes defects seen upon NCC-specific deletion of Jag1 or Notch2 are consistent with findings in zebrafish that Jag1b functions in NCCs to pattern the homologous hyomandibular cartilage 3 . Whereas hyomandibular defects in zebrafish lacking jag1b, or notch2 and notch3, correlate with ectopic expression of the cartilage condensation marker barx1 in the hyoid arch 4 , we observed no differences in Barx1 expression in the hyoid arches of Jag1-CKO mice at E10.5 and E11.5 (Fig. S4 ). However, it remains possible that subtle differences in Barx1 expression escaped our detection, especially given the small number of arch NCCs that contribute to the diminutive stapes bone. On the other hand, it seems less likely that stapes defects are a secondary consequence of stapedial artery defects. Jag1 has been shown to be required in endothelial cells, which are not of neural crest origin, for vascular development 39 . Further, we show that NCC-specific loss of the Notch2 receptor, which is expected to act cell-autonomously in endothelial cells and not NCCs for artery development, causes a similar stapes defect to NCC-specific Jag1 loss. Whereas the stapedial artery is later associated with pericytes, which are of neural crest origin, pericytes are recruited only after artery formation and thus are unlikely to affect the initial routing of the stapedial artery 40 . Further, the foramen of the stapes homolog (hyomandibula) in zebrafish jag1b mutants is similarly lost, despite this foramen being associated with the facial nerve instead of an artery 3 . Thus, rerouting of the stapedial artery appears to be a secondary consequence of the reduced stapes anlagen and not vice versa. Nonetheless, additional studies are clearly needed to elucidate the developmental basis of stapes defects in Jag1-deficient mice.
Wnt1-Cre; RBP-J f/f mice with global loss of Notch signaling in NCCs display similar defects in the frontal bone as we observe upon NCC-specific deletion of Jag1 or Notch2 41 . Although middle ear bones were not examined in Wnt1-Cre; RBP-J f/f mice, the similarity of stapes defects in Jag1-CKO and Notch2-CKO mice suggest that JAG1 and NOTCH2 are the likely major ligand and receptor for both calvarial and middle ear bone development. Of note, global but not NCC-specific heterozygous loss of Jag1 results in partially penetrant stapes defects, as well as incus defects, suggesting additional requirements for Jag1 in non-NCC tissues for ossicle patterning. One candidate tissue is the first endodermal pouch, which displays strong Jag1 expression in both mice 42 and develops in close association with the stapes and incus anlagen. Jag2 and Notch3 may also partially compensate for Jag1 and Notch2 in other aspects of NCC skeletal differentiation. Jag2 is required for development of the NCC-derived palate in mice 43 , and notch3 reduction enhances craniofacial defects in notch2 mutant zebrafish 4 . However, deletion of Notch1 in neural-crest-derived cells does not cause midfacial hypoplasia characteristic of Alagille Syndrome 20 , and a previous study did not detect expression of either Notch1 ortholog in the developing zebrafish face 3 . Interestingly, the liver and heart defects of AGS have not been observed in the analogous Jag1 heterozygous mice 17, 44 , yet we did observe similar stapes defects in both mice and humans lacking one copy of JAG1. These results indicate that organs have independent dosage sensitivities to JAG1 across species. Table S1 lists the degrees of hearing loss as a range indicating the loss at its best frequency and worst frequency. The categorical analyses illustrated by the pie charts have taken into account only the loss at the worst frequency. (b) CT scans of the temporal bone in the axial plane from a control 69-year-old male without AGS and subject 5 who is heterozygous for a JAG1 loss-of-function mutation. Magnified areas of the dashed box regions and accompanying diagrams are shown below. Compared to the right stapes (orange) from the control subject, the right and left stapes of subject 5 appear as a single rod (i.e. columellar). Adjacent sections showed relatively normal articulation of the stapes with the incus. For better comparison, the orientation of the left stapes is flipped horizontally in the magnified view. (c) Audiogram of subject 5 (see Table 2 ) indicates mild to profound mixed hearing loss in the left ear and normal to mild sensorineural hearing loss with a potential high-frequency conductive component in the right ear. While we found a correlation between stapes defects and hearing loss in one individual heterozygous for a JAG1 mutation, the presence of conductive or mixed hearing loss but apparently normal middle ear bones in other AGS patients suggests that middle ear bone defects alone cannot account for conductive hearing loss in this syndrome. NCC-specific Jag1 mutant mice have midfacial hypoplasia, and the development and function of the Eustachian tube is closely associated with the craniofacial skeleton 45, 46 . Thus, other factors such as Eustachian tube dysfunction may contribute to hearing loss in subjects with apparently normal ossicles. Similarly in NCC-specific Jag1 mutant mice, we cannot rule out the possibility that defects in other NCC-derived ear structures besides the stapes contribute to hearing loss, especially as the ABR test we performed does not distinguish between conductive and sensorineural components. For example, NCC derivatives contribute to the early cochleovestibular ganglion and utricle, as well as a few rare cells in the semicircular canals and stria vascularis 47 . While the cochleovestibular ganglion and stria vascularis are involved in auditory functions, the utricle and semicircular canals are responsible for balance. Indeed, studies on three mouse mutants -Slalom 33 , Headturner 48 , and Ozzy 34 -have described specific point mutations in Jag1 resulting in malformations of the semicircular canals, and we and others observe frequent losses and anomalies of the superior and posterior semicircular canals in AGS patients 14, 15, 37 . Further, the role of Jagged-Notch signaling in the development of the vestibular system also appears to be conserved in zebrafish, as jag1b mutants were independently isolated based on semicircular canal defects 49, 50 . However, we found that NCC-specific loss of Jag1 in mice causes hearing loss without affecting canal morphology, consistent with defects in the stapes and/or other middle and inner ear structures being responsible for hearing defects in these mice. Nonetheless, superior semicircular canal dehiscence can lead to autophony and conductive hearing loss, and dehiscence of the canal can cause disruption of the normal endolymph flow, resulting in a lower bone conduction and higher air conduction threshold 51 . Although there are currently no reports linking Jag1 and AGS to canal dehiscence, we cannot rule out a possible canal dehiscence component in AGS-associated hearing loss. In addition, Jag1 has a well-known requirement in patterning the ectodermal sensory placode from which the hair and support cells of the inner ear derive [10] [11] [12] , consistent with the finding of sensorineural hearing loss in several AGS patients. These observations indicate a complex etiology of hearing loss in AGS, likely affecting multiple structures in both the middle and inner ear, particularly for those patients presenting with mixed hearing loss. However, for those patients with isolated middle ear bone defects, surgical correction might be an option to improve hearing 52 .
To date, mutations in only a few genes, such as NOGGIN 53 and ANK 54 , have been linked to congenital conductive hearing loss in humans. A contribution of JAG1 mutations to congenital conductive hearing loss thus expands our knowledge of human middle ear development. However, as AGS is relatively rare, we were only able to examine the middle ears of a small number of patients. Thus, the extent to which stapes and/or incus defects occur in this syndrome and contribute to hearing loss remains to be determined. While the similarity in stapes defects between Jag1 mutant mice and an individual with heterozygous loss of JAG1 strongly supports the view that human stapes malformations are due to JAG1 deficiency, we cannot rule out that second site mutations act synergistically with JAG1 mutations to cause middle ear bone defects. For example, conditional deletion studies in mice have revealed requirements for Tbx1 in middle and inner ear structures 55 , and DiGeorge Syndrome, which is associated with heterozygous deletion of TBX1, encompasses an array of defects that overlap with Alagille Syndrome, including tetralogy of fallot and hearing loss. On the other hand, the patient with stapes defects did not display the multi-organ defects typically associated with AGS, despite having a child with the same JAG1 mutation and typical AGS features. Together with a previous study showing mixed hearing loss in a kindred with a JAG1 missense mutation but only a subset of AGS features 14 , and the presence of JAG1 mutations presenting with only one or two AGS features 56 independently of other AGS features. It will therefore be informative to examine the extent to which family members of AGS patients who exhibit hearing loss despite the lack of an AGS diagnosis, as well as unrelated patients with defects in the stapes and/or incus bones, carry JAG1 or NOTCH2 mutations.
Materials and Methods
Mouse mutants and genotyping. Animal Whole ear structures were carefully dissected out, and the stapedial artery was injected with India ink using glass capillary needles. The malleus, incus, and other tissues were removed after injections and before imaging to better reveal the stapes. Image z-stacks were taken using a Zeiss Axiozoom and processed using extended depth of field by Zeiss LSM software.
Hearing tests in mice. ABR was performed through inserted earphones, using closed-field acoustics. The sound pressure level (SPL) of the stimuli ranged between 20 and 105 decibels (dB). In determining ABR thresholds, 300 responses with artifacts less than 30 microvolts were averaged. Presentation of stimuli and averaging of responses were both controlled by BioSig software. When ABR threshold was above maximum output range, it was classified as 105 dB. Hearing level thresholds were measured at specific frequencies of 4, 8, 12, 16, 24, and 32 kilohertz (kHz).
Hearing tests and computed tomography (CT) scans on human subjects. Studies on human
patients were approved by the Institutional Review Board at the University of Southern California Keck School of Medicine, and all methods were performed in accordance with the relevant guidelines and regulations. Written informed consent to obtain samples for genetics research was obtained from each subject and/or subject's parent or guardian. Hearing tests were performed at the Alagille Alliance meetings of 2011 and 2014. Otoscopy was performed to check for occluding wax, fluid, or infection, as well as wellness of the canal and middle ear system. The testing used was tympanometry and behavioral audiometry. For tympanometry, a small probe tip is inserted into the ear canal to create a seal, and then air pressure is directed into the external auditory ear canal. The mobility of the eardrum is recorded to confirm the health of the middle ear system. For behavioral audiometry, thresholds of hearing are tested from 250 to 8000 Hz. Test procedures are based on the age of the test subject. If a subject is able to test conventionally by raising their hand only when a test frequency is heard, the standard 10 dB up and 5 dB down testing procedure is performed. Frequencies are tested in conventional order − 1000, 2000, 4000, 8000, 250, 500 Hz. If the difference between octaves is greater or equal to 20 dB, then inner octave threshold is measured. In cases where a subject is too young, unreliable or distracted to complete this testing procedure, conditioned play audiometry is completed. In this form of testing, the subject is trained to perform an action in response to sound, such as dropping a block in a bucket. Frequencies are not presented in any standard order to keep the subject interested. If the patient becomes unreliable, then thresholds are not recorded. In standard air and bone conduction tests, a hearing level of −10 to 25 dBHL (decibels hearing level) is classified as normal, 25 to 40 dBHL as mild, 40 to 70 dBHL as moderate, 70 to 90 dBHL as severe, and 90 dBHL and above as profound. Conductive hearing loss is indicated by decreased air but normal bone conduction, sensorineural hearing loss by decreased air and bone conduction thresholds, and mixed hearing loss by decreased air and bone conduction thresholds with the bone conduction threshold being 10 dB higher than for air. Temporal bone CT scans on subjects 1 and 5 were acquired at the University of Southern California Keck School of Medicine using standard clinical procedures. Temporal bone CT scans for subjects 2, 3, and 4 were kindly provided by the patients' physicians.
Data Availability. All data generated or analyzed during this study are either included in this published article or available from the corresponding author on request.
